Introduction
There are currently 11 live attenuated viral (LAV) vaccines in use worldwide. All have been shown or suspected to cause lifethreatening disease in rare individuals. So far, severe disease by only three LAV vaccines has been explained by inborn errors of immunity, in at least some patients. Live (oral) poliovirus vaccine can cause vaccine-associated paralytic poliomyelitis in patients with agammaglobulinemia due to a variety of inborn errors of T or B cells (Shaghaghi et al., 2014) . Oral rotavirus vaccine can cause life-threatening dehydration in patients with severe combined immunodeficiencies (Pöyhönen et al., 2019) . The measles vaccine strain in the measles, mumps, and rubella (MMR) vaccine can cause disseminated infections in patients with inborn errors of IFNAR2 (Duncan et al., 2015) , STAT1 , or STAT2 (Hambleton et al., 2013; Moens et al., 2017) , which control cellular responses to various IFNs (type I only in the case of IFNAR2, type I and type III IFNs for STAT2, and all three types for STAT1). Vaccine-strain mumps infections are extremely rare, with only one life-threatening case reported in a patient with RAG1 deficiency and a lack of T and B cell adaptive immunity (Morfopoulou et al., 2017) . Patients with inborn errors of IRF7 , which controls the amplification of type I and III IFNs, or IRF9 (Hernandez et al., 2018) , which controls the cellular responses to these IFNs, have been reported to suffer from an ill-defined adverse reaction to MMR vaccination. Most cases of severe MMR vaccine disease remain unexplained. None of the lifethreatening adverse reactions to live vaccines for rubella virus, yellow fever (YF) virus (YFV), influenza virus, varicella zoster virus, vaccinia virus, or hepatitis A virus have been explained genetically. We studied two otherwise healthy patients who developed disseminated, life-threatening disease following LAV vaccination: a 9-yr-old Iranian boy following MMR vaccination at 1 yr, whose younger sister died at 1 yr following MMR vaccination, and a 14-yr-old Brazilian girl following YF vaccination at 12 yr.
Results
Two unrelated patients with adverse reactions to measles and YF vaccines We studied two unrelated patients whose pedigrees are shown in Fig. 1 A. Full case reports are available in the Materials and methods. Briefly, patient 1 (P1) was born in Iran to consanguineous parents and presented at 1 yr of age with disseminated vaccine-strain measles ( Fig. 1 A) . Approximately 10 days after inoculation with the MMR vaccine, he presented with a generalized exanthem, fever, and neurological symptoms consistent with encephalitis. Computed tomography (CT) of the brain showed mild cerebral edema, and analysis of cerebrospinal fluid (CSF) demonstrated leukocytosis (350 lymphocytes/µl, 2 neutrophils/µl). PCR for measles was positive in both blood and CSF. He had no notable medical history. P1 is now 9 yr old, in good health, and has not manifested any other invasive infections. P1 had a younger sibling who died 4 wk after routine MMR vaccination at age 1 yr but for whom material was not available for genetic analysis. His mother electively terminated a third pregnancy following prenatal genetic identification of the same homozygous variant in IFNAR1. Patient 2 (P2) is a 14-yr-old Brazilian girl born to nonconsanguineous parents ( Fig. 1 A) . Otherwise healthy until age 12, she presented with fever, hypotension, vomiting, and lethargy 7 d following YF vaccination. Her condition deteriorated, and she developed renal and hepatic dysfunction and required intubation and mechanical ventilation. A CT scan of the chest demonstrated pleural effusions and atelectasis (Fig. 1 B) . YFV RNA was detected in the patient's blood by PCR. Sequencing confirmed that this was the vaccine-strain virus ( Fig. S1 ; Nascimento Silva et al., 2011) . A diagnosis of YF vaccine-associated viscerotropic disease (YEL-AVD) was made. She does not belong to any known risk groups for YEL-AVD (Seligman et al., 2014) . 1 yr after recovery, she remains healthy. Notably, P2 had received two MMR vaccinations at 12 and 16 mo of age and other live vaccines (oral poliovirus and bacillus Calmette-Guérin [BCG]) without incident. She developed neutralizing antibodies to YFV in levels associated with seroprotection and seropositivity to measles, rubella, diphtheria, and tetanus.
Biallelic private nonsense or splicing IFNAR1 variations in the patients
We performed whole-exome sequencing (WES) analysis on both patients. The percentage of homozygosity was 2.9% and 0.25% in P1 and P2, respectively, consistent with the former being born to consanguineous parents. Principal component analysis confirmed the ethnicities of the two families (Belkadi et al., 2016) . We then analyzed copy number variations and single nucleotide variations. We filtered out noncoding and synonymous single nucleotide variations, other than those at exonic and intronic essential splice sites. We additionally filtered out common variants (minor allele frequency > 0.01), variants predicted to be benign (combined annotation-dependent depletion [CADD] score below the mutation significance cutoff), and variants occurring in very frequently damaged genes (those with a gene damage index >13.84; Kircher et al., 2014; Itan et al., 2015 Itan et al., , 2016 ). Finally, we tested a model of autosomal recessive (AR) inheritance and focused our attention on genes with homozygous or compound heterozygous lesions. In P1, we found a private homozygous mutation in IFNAR1, c.674-2A>G, among 48 variants in 39 genes (Table S1 ). In P2, 11 variants in 6 genes passed filtering criteria (Table S1 ), including two variants in IFNAR1, c.783G>A; p.W261X and c.674-1G>A ( Fig. 1 C) . None of these three IFNAR1 variants are found in online databases including 1000 Genomes, Bravo, and GnomAD (Genome Aggregation Database), which encompasses the Exome Aggregation Consortium database ( Fig. 1 D) . The IFNAR1 gene, together with IFNAR2, encodes the heterodimeric receptor for the type I IFNs (Uzé et al., 1990; Piehler et al., 2012) . The three IFNAR1 mutations are predicted to be deleterious by either disrupting the same essential splice site (c.674-2A>G and c.674-1G>A, in P1 and P2, respectively) or creating a premature stop codon (p.W261X in P2). The three mutations were confirmed by Sanger sequencing of the patients and their relatives, which also verified that the mutations present in P2 were compound heterozygous (Figs. 1 A and S2A). We did not have genomic DNA from P1's sister, who died in her first year of life following MMR vaccination. A total of only seven nonsynonymous or splicing IFNAR1 variants were found in homozygosity in GnomAD, all of which were missense ( Fig. 1 D) . Collectively, these findings suggested that the two patients had a novel and rare inborn error of immunity, AR IFNAR1 deficiency.
The three mutant IFNAR1 alleles encode truncated proteins Because the c.674-1G>A and c.674-2A>G mutations occur at an essential splice acceptor site of exon 6, we hypothesized that they would lead to an aberrantly spliced transcript ( Fig. 1 C) . We therefore amplified the IFNAR1 cDNA from SV40 large T Asterisks demarcate those individuals who received vaccination against YFV. The pregnancy of a third sibling in pedigree 1 (homozygous for the same mutation as P1) was terminated at 16 wk of gestational age. (B) CT scan of P2's chest demonstrating pleural effusions and atelectasis following YF vaccination (red arrow). (C) Schematic illustration of the IFNAR1 gene with 11 coding exons and of the IFNAR1 protein with its four fibronectin type III subdomains (SD1-4). SP, signal peptide; TM, transmembrane domain. The exons are numbered in roman numerals (I-XI). The previously reported IFNAR1 variant is indicated in blue, while those of P1 and P2 are indicated in red. (D) Population genetics of homozygous coding missense and predicted loss-of-function IFNAR1 mutations taken from GnomAD and in-house cohorts. The patients' variants are private and shown in red and green, while seven variants detected in GnomAD are shown in black. MAF, minor allele frequency; MSC, mutation significance cutoff.
antigen-transformed fibroblasts (SV40-F cells) derived from both patients and a healthy control (Figs. 2 A and S2, B and C) and performed Sanger sequencing on individual cDNA clones. All IFNAR1 transcripts present in healthy control cells contained normal splicing at exon 5-6 and 6-7 junctions, whereas three alternative splice products were observed in P1 and P2. In both patients, ∼60% of transcripts lacked exon 6, which induces a frameshift and a premature stop at aa 228 (p.V225AfsX228); 30-40% of transcripts lacked the first 24 bp of exon 6 in P1 and P2, which results in the deletion of aa 225-232 (p.V225_P232del); (B) Western blot of IFNAR1 in HEK293T cells transiently transfected with IFNAR1 constructs; GAPDH was used as a loading control. A representative blot from three experiments is shown. (C) Western blot of endogenous IFNAR1 in SV40-F cells from three healthy controls (C1, C2, and C3), P1, P2, IRF7 −/− , IFNGR2 −/− , TYK2 −/− , STAT1 −/− , STAT2 −/− , IRF9 −/− , and IFNAR2 −/− patients. A representative blot from three experiments is shown. (D and F) Mean fluorescence intensity (MFI) of IFNAR1 staining on SV40-F (D) and B-LCL (F) cells from three healthy controls (C1, C2, and C3 or T1, T2, and T3), P1, P2, IRF7 −/− , IFNGR2 −/− , IFNGR1 −/− , TYK2 −/− , STAT1 −/− , STAT2 −/− , and IRF9 −/− patients as assessed by flow cytometry. Mean (n = 3) and SEM are shown. (E) Western blot analysis of phosphorylated STAT1 (pSTAT1) and pSTAT2 levels in SV40-F cells stimulated with 1,000 U/ml of IFN-α2b or IFN-γ for 20 min. Cells were from two healthy controls (C1, C2), P1, P2, IFNGR2 −/− , STAT1 −/− , STAT2 −/− , and IFNAR2 −/− patients. A representative blot from two experiments is shown. (G) Transcription levels of MX1, IFIT1, and CXCL9 assessed by qRT-PCR on SV40-F cells treated with 1,000 U/ml of either IFN-α2b, -β, or -γ for 2 h. Cells were from three healthy controls (C1, C2, and C3), P1, P2, IRF7 −/− , IFNGR2 −/− , TYK2 −/− , STAT1 −/− , STAT2 −/− , IRF9 −/− , and IFNAR2 −/− patients. Mean (n = 3) and SEM are shown. a trace amount of transcripts contained a 56-bp segment retained from intron 5, which introduces a premature stop after three amino acids (p.T224_V225insESTX). For simplicity, we will refer to these mutations as V225fs, V225_P232del, and T224ins. A small percentage of transcripts from P2's cells, ∼10%, were found to contain normal splicing at exon 5-6 and 6-7 junctions, yet the nonsense mutation c.783G>A, p.W261X (hereafter W261X) was present in all such transcripts. Western blot analysis of HEK293T cells overexpressing the four patient-derived transcripts and WT IFNAR1 transcripts showed that all four proteins are expressed but with a molecular weight lower than the WT protein ( Fig. 2 B) . These findings suggested that any proteins encoded by the three mutant IFNAR1 alleles are not functional.
The patients' cells do not express IFNAR1 and do not respond to type I IFNs Quantitative RT-PCR (qRT-PCR) on patient cells showed a strong reduction of IFNAR1 mRNA compared with healthy controls, suggesting nonsense-mediated decay ( Fig. S2 D) . We tested if any IFNAR1 protein was expressed in patients' cells by Western blotting and flow cytometry ( Fig. 2 , C, D, and F; and Fig. S3 A) . We observed a complete lack of IFNAR1 expression in patients' SV40-F and B-lymphoblastoid cell lines (B-LCLs) compared with healthy controls and patients with other defects in the type I IFN signaling pathway, such as IRF7 −/− , STAT1 −/− , STAT2 −/− , and IRF9 −/− patients ( Fig. 2 , C, D, and F; and Fig. S3 A) . As previously reported, we detected severely decreased expression of IFNAR1 in TYK2-deficient cells (Ragimbeau et al., 2003) . IFNAR2 surface expression was normal in both patients' cells ( Fig. S3 , B and D). In summary, IFNAR1 expression was undetectable in both fibroblastic and lymphoid cell lines derived from both patients. We cannot exclude the remote but finite possibility that residual levels of IFNAR1 are expressed on the surface of other cells. We next tested type I IFN signaling in patients' fibroblasts. Phosphorylation of STAT1 and STAT2 was abolished in patients' SV40-F cells in response to IFN-α2b ( Fig. 2 E) . Moreover, patients' SV40-F cells did not substantially up-regulate expression of IFN-stimulated genes (ISGs) MX1 and IFIT1 in response to IFN-α2b and IFN-β, whereas their CXCL9 induction in response to IFN-γ was intact and elevated to a level above that of healthy controls, in contrast to previous reports that had suggested the absence of type I IFN signaling could impair type II IFN signaling (Fig. 2 G; Takaoka et al., 2000) . This result indicates that the patients have major defects in type I IFN signaling with impairment of MX1 and IFIT1 induction similar to other deficiencies in this pathway, including STAT1, STAT2, IRF9, and IFNAR2. Altogether, these data showed that the patients' fibroblasts had IFNAR1 deficiency, with a complete lack of responses to IFN-α2b and -β. We did not exclude the possibility that these or other cells can respond to some of the 15 other type I IFNs, at least for some ISGs.
The patients' fibroblast-intrinsic type I IFN immunity to viruses is impaired
To test if patient cells were able to control viral infections in the presence of type I IFNs, we pretreated SV40-F cells from both patients with IFN-α2b and infected them with vesicular stomatitis virus (VSV), a virus commonly used in testing type I IFN responses ( Fig. 3 A) . When pretreated with IFN-α2b, healthy control cells were able to control VSV replication 24 h after infection. In contrast, viral replication could not be suppressed in patient cells treated with IFN-α2b, a finding also seen in IFNAR2-, STAT1-, STAT2-, and IRF9-deficient patient cells. We observed similar results with YFV-17D, a vaccine strain highly similar to that responsible for P2's infection ( Fig. 3 B) . Interestingly, IRF7-deficient cells were able to control YFV-17D replication to the same degree as healthy controls, in the presence or absence of exogenous IFN-β ( Fig. 3 B) . To reassess if the patients' cellular phenotypes were caused by the lack of normal IFNAR1, we transduced patients' primary fibroblasts with WT IFNAR1, IFNAR2, or an empty vector (EV). Only transduction with IFNAR1 was able to rescue the defect in IFNAR1 expression levels (Fig. S3 , C and E) and patients' responses to type I IFN as assessed by induction of MX1 and IFIT1 following IFN-α2b or -β stimulation ( Fig. 3 C) . Importantly, transduction with WT IFNAR1 rescued viral titers, thus rescuing, at least partially, the phenotype of increased VSV, measles virus, and YFV susceptibility in P1 and P2's fibroblasts (Fig. 3, D and E; and Fig. S3, F and H) . Then, to assess the extent to which the cellular phenotype replicated the patients' infectious phenotype, we also infected patients' cells with influenza A virus (IAV, A/CA/07/2009/H1N1 strain) and herpes simplex virus-1 (HSV-1), two viruses the patients had been exposed to without developing severe disease ( Fig. S4 , A-F). Again, the patients' SV40-F cells supported higher levels of viral replication than healthy controls' for both HSV-1 ( Fig. S4 , A-D) and IAV (Fig. S4 , E and F). We also assessed the ability of patients' SV40-F cells to control viral replication of YFV-Asibi and Zika viruses ( Fig. S4 , G-J). Consistent with other viruses, both patients displayed an inability to control viral replication, even following pretreatment with exogenous IFN-β, compared with cells from a healthy control ( Fig. S4 , G-J). Collectively, these data indicate that IFNAR1 deficiency results in a broad defect in fibroblast-intrinsic immunity.
Finally, in the course of viral infection, we quantified the production of IFN-β, known as the fibroblastic IFN because it is the predominant type I IFN produced by these cells. We observed that elevated amounts of IFN-β were produced in IFNAR1-deficient cells upon infection by YFV-17D, compared with healthy control cells, indicating that the observed antiviral defects arose from abolished type I IFN signaling and not from impaired IFN-β production ( Fig. S3 G) . These findings also confirmed that IFN-β production, unlike that of other type I IFNs, does not require IFNAR1-and IRF7-dependent amplification (Honda et al., 2006) . Altogether, these data showed that cell-intrinsic type I IFN immunity to VSV, YF vaccine-strain virus, IAV, HSV-1, and measles vaccine-strain virus was abolished in the patients' cells. These findings strongly suggest that AR IFNAR1 deficiency underlies measles vaccine disease in P1 (and by inference in his deceased sister) and YEL-AVD in P2 by disruption of cell-intrinsic type I IFN immunity to viruses.
Discussion
We herein describe AR IFNAR1 deficiency in two unrelated families. We demonstrate that this monogenic error of Figure 3 . IFNAR1 is required for type I IFN-mediated cell intrinsic immunity to viral infections. (A) VSV titers in SV40-F cells unstimulated (left) or pretreated (right) with 1,000 U/ml IFN-α2b for 16 h, followed by VSV infection at an MOI of 3. Cells from three healthy controls were included (C1, C2, and C3), as well as those from P1, P2, IRF7 −/− , STAT1 −/− , STAT2 −/− , IRF9 −/− , and IFNAR2 −/− patients. Mean (n = 3) and SEM are shown. (B) YFV titers in SV40-F cells unstimulated (left) or pretreated (right) with 1,000 U/ml IFN-β for 16 h, followed by infection with YFV-17D at MOI = 0.05. Mean and range (n = 2) are shown. Cells from three healthy controls were included (C1, C2, and C3), as well as those from P1, P2, IRF7 −/− , STAT1 −/− , STAT2 −/− , IRF9 −/− , and IFNAR2 −/− patients.
(C) Transcription levels of MX1, IFIT1, and CXCL9 assessed by qRT-PCR on SV40-F cells treated with 1,000 U/ml of IFN-α2b, -β, or -γ for 2 h. Cells were from a healthy control, P1, P2, and an IFNAR2 −/− patient that were transduced with WT IFNAR1, WT IFNAR2, or EV. Mean (n = 3) and SEM are shown. (D) SV40-F cells were infected with YFV-17D at an MOI of 0.05, and the percentage of cells positive for YFV viral proteins was assessed by flow cytometry. Cells were from a healthy control, P1, P2, and an IFNAR2 −/− patient and were transduced with WT IFNAR1, WT IFNAR2, or EV and stimulated with 1,000 U/ml IFN-β for 16 h before infection. Mean and range (n = 2) are shown. (E) SV40-F cells were infected with MeV at an MOI of 0.1, and viral titer was assessed at the given time points. Cells were from a healthy control, P1, P2, and an IFNAR2 −/− patient and were transduced with WT IFNAR1, WT IFNAR2, or EV and stimulated with 1,000 U/ml IFN-α2b for 16 h before infection. Mean and SEM (n = 3) are shown. TCID, tissue culture infectious dose.
immunity can underlie life-threatening, isolated measles vaccine disease and YEL-AVD in previously healthy children and adolescents. Patients with complete forms of AR IFNAR2, STAT1, and STAT2 deficiencies have also presented with life-threatening complications following MMR vaccination (Table 1 ; Hambleton et al., 2013; Duncan et al., 2015; Shahni et al., 2015; Burns et al., 2016; Moens et al., 2017) , whereas IRF7-or IRF9-deficient patients are apparently less susceptible to measles vaccine infection Hernandez et al., 2018) . Interestingly, patients deficient in JAK1 or TYK2, whose cells show impaired but not abolished response to type I IFNs, have not been reported to experience disease following MMR vaccination (Minegishi et al., 2006; Boisson-Dupuis et al., 2012; Kreins et al., 2015; Eletto et al., 2016) . Collectively, these data differ from experimental work done in mice, where STAT1 appears dispensable for defense against both WT and attenuated measles viruses (Hahm et al., 2005; O'Donnell et al., 2012) . They suggest that a set of genes jointly regulated by human IFNAR1, IFNAR2, STAT1, and STAT2, and perhaps by IRF7 and IRF9, are critical for control of vaccine-strain measles virus (Hahm et al., 2005; O'Donnell et al., 2012) . Furthermore, the fact that IFNAR1 and IFNAR2 deficiencies both result in measles virus vaccinerelated disease, while deficiency in IL-10RB, a subunit of the type III IFN receptor, has not been reported to produce this infectious phenotype, suggests that type I IFN signaling is more critical for defense against measles vaccine-strain virus than type III IFN signaling (Glocker et al., 2009; Neven et al., 2013; Karaca et al., 2016; Gao et al., 2018) .
Our data also establish IFNAR1 deficiency as the first genetic etiology for YEL-AVD, and as its first explanation (Seligman et al., 2014) . Despite the development of the YF vaccine in the 1930s, YFV remains a global health threat partially due to deficient rates of vaccination. As the eponymous flavivirus, the study of YFV and its vaccine is of interest to studies of other flaviviruses. Chimeric YF viruses in which prM-E sequences are introduced into the YF vaccine virus backbone are the basis of ongoing vaccine trials against dengue and Japanese encephalitis viruses , with controversial results in clinical trials (Vaccine, 2018; Halstead, 2018) . Although still considered a safe and effective vaccine, the uncertainty regarding the causes of YEL-AVD have encouraged attempts to develop an inactivated alternative vaccine (Monath et al., 2011; Monath and Vasconcelos, 2015; Pereira et al., 2015) . The difficulties encountered while attempting to develop safer vaccines related to YFV-17D for the past decade highlight that a better understanding of host defenses against the virus is necessary.
Recent studies have demonstrated that the YFV-17D virus promotes the induction of critical type I IFN mediators such as STAT1 and IRF7 in humans (Gaucher et al., 2008; Querec et al., 2009; Fernandez-Garcia et al., 2016) . Importantly, YFV-17D viremia was typically detectable in healthy vaccine recipients 5-7 days following vaccination, and no deficiency of adaptive immunity has been found in individuals with YEL-AVD, suggesting that the disease is most likely the result of a failure of innate or intrinsic immunity (Reinhardt et al., 1998; Pulendran et al., 2008; Silva et al., 2010) . Consistent with this suggestion, recent work in mice has shown that type I IFN signaling is critical for control of YFV-17D (Erickson and Pfeiffer, 2013) . Moreover, deficiency in this pathway can be exacerbated by defects in type III IFN signaling (Douam et al., 2017) . Our data provide proof-of-principle that single gene inborn errors of innate immunity, in a broad sense, and specifically of type I IFN cell-intrinsic immunity, can underlie life-threatening adverse reaction to the YF vaccine. Strikingly, these two patients harboring biallelic IFNAR1 variants, now 9 and 14 yr of age, have not had clinically significant viral infections other than the LAV-associated complications at an early age. In contrast, a recently reported patient with combined partial IFNAR1 and complete IFNGR2 deficiencies (Hoyos-Bachiloglu et al., 2017) suffered from CMV infection, in addition to BCG disease. In contrast, P1 and P2 were IgG + and IgM − for CMV, and CMV DNA was not detected in their plasma by PCR, confirming that they had been exposed to CMV. The other patient's combined deficiency in IFNAR1 (partial) and IFNGR2 (complete) may have contributed to CMV disease, consistent with its occurrence in a few patients with isolated, complete IFNGR1 or IFNGR2 deficiency (Holland et al., 1998; Dorman et al., 1999; Cunningham et al., 2000; Rosenzweig et al., 2004) .
Three hypotheses could explain the robust anti-viral defense in the two patients with AR complete IFNAR1 deficiency. A first hypothesis is that the IFNAR1 splice allele is hypomorphic, i.e., leaky, in some cell types that were not tested. An alternative hypothesis is that IFNAR1 is redundant for some type I IFNs, in some cells that have a complete deficiency and were not tested, at least for some ISGs, as previously shown for IFNAR2 (de Weerd et al., 2013) . A third hypothesis is that IFNAR1 and all type I IFNs are redundant for immunity against most viruses, at least in certain conditions of infection. It is probably relevant that patients with IFNAR2, STAT2, or IRF9 deficiency, which impair responses to type I IFNs and type III IFNs for STAT2 and IRF9, are apparently also normally resistant to a broad range of viruses, including CMV, and have survived until 5-11 yr of age (Hambleton et al., 2013; Duncan et al., 2015; Shahni et al., 2015; Moens et al., 2017; Hernandez et al., 2018) , whereas all patients with complete STAT1 deficiency, which impairs responses to type I, II, and III IFNs, died by 2 yr of various viral infections (Dupuis et al., 2003; Chapgier et al., 2006; Vairo et al., 2011; Burns et al., 2016) , unless they had received both hematopoietic stem cell transplantation and IgG substitution . Future studies are required to understand the mechanisms of protective immunity to viruses and to develop safer vaccines against viral diseases in patients with inborn errors of type I and/or type III IFNs.
Materials and methods

Study oversight
The study was approved by the institutional review boards of Rockefeller University, Institut National de la Santé et de la Recherche Médicale, University Hospitals Leuven, and the National Institute of Infectious Diseases, Fundação Oswaldo Cruz, Rio de Janeiro, Brazil. Written informed consent was obtained from all patients or their guardians.
Case reports P1 was born in Iran to consanguineous parents. He was evaluated at the age of 1 yr for disseminated vaccine-strain measles. He had previously received hepatitis B virus, BCG, and influenza vaccinations without any adverse effect. 10 d after inoculation with the MMR vaccine, he presented with a generalized exanthem, fever, and neurological symptoms consistent with encephalitis. Laboratory findings showed moderate lymphocytosis with 7,800 total leukocytes/µl, 29% neutrophils, 45% lymphocytes, 10% monocytes, 4% eosinophils, and mild hyponatremia. CT of the brain showed mild cerebral edema, and analysis of CSF demonstrated leukocytosis (350 lymphocytes/µl, 2 neutrophils/ µl). PCR for measles was positive in both blood and CSF, with negative bacterial cultures. Antibodies against measles and mumps were at the lower limit of the normal range, isohemagglutinin titers were normal, and antibody responses to pneumococcal and hepatitis B virus antigens were also normal. Additionally, P1 was IgG + and IgM − for CMV, and CMV DNA was not detectable in his plasma. Lymphocyte subpopulations (T, B, and natural killer cells) were in the normal range. His medical history was characterized by frequent viral upper respiratory tract infections with a hospital admission for bronchiolitis but was otherwise not significant. His growth and development were normal. His younger sister also developed meningoencephalitis 1 wk after receiving MMR vaccination and died of complications 4 wk later. P1 is now 9 yr old, in good health, and has not manifested any other invasive infection (Fig. 1 A) .
P2 is a 14-yr-old Brazilian girl born to nonconsanguineous parents. Otherwise healthy until age 12, she presented with fever, hypotension, vomiting, and lethargy 7 d following YF vaccination. Laboratory findings after admission demonstrated leukocytosis with total leukocytes at 28,200/µl, and thrombocytopenia with a platelet count of 21,000/µl. Consistent with renal and hepatic dysfunction, the patient was icteric on exam with an international normalized ratio of 2.0 and a partial thromboplastin time of 66.4. She demonstrated alanine aminotransferase and aspartate aminotransferase levels of 187 IU/liter and 623 IU/liter, respectively, and had a creatinine of 2.71 mg/dl. Her condition rapidly deteriorated, with bradycardia and diminished consciousness, with a Glasgow coma score of 8, necessitating admission to the intensive care unit, intubation, and mechanical ventilation. A CT of the chest demonstrated pleural effusions and atelectasis (Fig. 1 B) . Neutralizing antibodies against YFV were detectable by plaque reduction neutralization test at a dilution titer of 1:640, as were antibodies against herpesviruses 1 and 2, while antibodies against hepatitis A, B, and C virus, as well as dengue virus and leptospirosis, were negative. P2's serum was similarly IgG + and IgM − against CMV antigens, with CMV DNA not detectable in her plasma by PCR. YFV was detected in the patient's blood by PCR analysis, and sequencing confirmed that this was the vaccine-strain virus, not WT YFV (Fig. S1) . A diagnosis of YEL-AVD was made. She was treated with an aggressive course of i.v. fluids, plasma and platelet transfusions, vasopressors, and hydrocortisone and was prophylactically given i.v. broad-spectrum antibiotics. Her hypotension and thrombocytopenia resolved over the next week and, 2 wk after her admission, she was discharged from the intensive care unit and made a full recovery. 1 yr after this episode, she remains healthy. Her circulating immunoglobulin levels and leukocyte subsets are normal. Notably, the patient received two MMR vaccines at 12 and 16 mo of age, and other live vaccines (oral poliovirus and BCG), without incident ( Fig. 1 A) .
WES
Exome capture was performed with the SureSelect Human All Exon 50 Mb kit (Agilent Technologies). Paired-end sequencing was performed on a HiSeq 2000 (Illumina) generating 100-base reads. We aligned the sequences with the GRCh38 reference build of the human genome using the Burrows-Wheeler Aligner (Li and Durbin, 2009) . Downstream processing and variant calling were performed with the Genome Analysis Toolkit, SAMtools, and Picard (Li et al., 2009; McKenna et al., 2010) . Substitution and InDel calls were made with GATK Unified Genotyper. All variants were annotated using an annotation software system that was developed in-house (Ng and Henikoff, 2001; Adzhubei et al., 2010; Kircher et al., 2014) .
Genetics WES analysis of each patient revealed a total of 16,797 variants in P1 and 50,634 variants in P2. We filtered out all variations found in 1000 Genomes database, GnomAD, and our own database of 4,892 exomes for infectious diseases at a frequency of >1%, leaving 48 and 11 nonsynonymous coding variants in P1 and P2's exomes, respectively: 30 and 6, respectively, were homozygous, and 18 and 5 were heterozygous. The heterozygous variants inherited from one parent were not considered in a model of complete penetrance. Excluding those in IFNAR1, none of the variants affected genes known to be related to immunity. The nonsense c.783G>A mutation had a CADD score of 37, and the two splicing mutations, c.674-1G>A and c.674-2A>G, had CADD scores of 23.6 and 24, respectively. A genomic measure of individual homozygosity was plotted for P1 and P2, two European individuals from consanguineous families, and 37 individuals from nonconsanguineous families from our in-house WES database. Homozygosity was computed as the proportion of the autosomal genome belonging to runs of homozygosity, which were defined as ranging ≥1 Mb of length and containing at least 100 SNPs, and were estimated using the homozyg option of PLINK software (Purcell et al., 2007) . The centromeres were excluded because they are long genomic stretches devoid of SNPs, and their inclusion might inflate estimates of homozygosity if both flanking SNPs are homozygous. The length of the autosomal genome was fixed at 2,673,768 kb as previously described (McQuillan et al., 2008) . We estimated the selective pressure acting on IFNAR1 to be 2.762 (indicative of positive selection), by estimating the neutrality index (Stoletzki and Eyre-Walker, 2011) at the population level: (PN/PS)/(DN/DS), where PN and PS are the number of nonsynonymous and synonymous alleles, respectively, at the population level (1000 Genomes Project) and DN and DS are the number of nonsynonymous and synonymous fixed sites, respectively, for the coding sequence of IFNAR1.
Cells
Peripheral blood mononuclear cells were isolated by Ficoll-Paque density gradient (Lymphoprep, Proteogenix) from the blood of patients and healthy donors. SV40-immortalized dermal fibroblasts and Vero cells were maintained in DMEM supplemented with 10% FBS. B-LCLs were grown in RPMI 1640 medium supplemented with 10% FBS. Primary fibroblasts were grown in DMEM/F-12 (1:1) containing L-glutamine and Hepes supplemented with 10% fetal calf serum, amphotericin B (0.5 µg/ml), penicillin (100 U/ml), and streptomycin (100 µg/ml).
YFV plaque reduction neutralization test
Serum samples were used to quantify the levels of neutralizing antibodies specific to the 17DD-YF virus using the microplaque reduction neutralization test (micro-PRNT50). The assays were performed at Laboratório de Tecnologia Virológica, Bio-Manguinhos (LATEV, Laboratory of Virological Technology of Instituto Oswaldo Cruz [Fiocruz-RJ], Brazil). First, a viral suspension was prepared with YF 213/77 #002/16, diluted previously with the objective to obtain ∼30 lysis plaques per well. Before neutralization, the serum sample was inactivated at 56°C for 30 min and submitted to serial twofold dilutions (1:5 to 1:640), and then ∼30 PFU of YFV suspension was added to the samples in 96-well tissue culture plates. After addition of virus, the plates were incubated for 1 h at 37°C in an incubator with 5% CO 2 . A 50-µl cell suspension with 1,600,000 cells/ml were inoculated in all 96 wells of the plate and incubated at 37°C for 3 h under 5% CO 2 for adsorption/sedimentation. The medium was then discarded and carboxymethylcellulose (2.5%) added, and the cells were incubated for 6 d at 37°C with 5% CO 2 . After incubation, the plates were fixed in formaldehyde (5%) for ≥1 h at room temperature and stained with 2% crystal violet for 30 min at room temperature. Both steps were followed by cleansing with running water.
The arithmetic mean of all viral plaques obtained without serum was estimated. From the mean, the 50% endpoint of the number of plaques was calculated. Afterwards, using the dilution with plaque numbers immediately above and below the endpoint, the serum dilution that would result in the 50% endpoint was estimated by linear regression. The result were expressed in reciprocals of dilution.
Measurement of antibodies against diphtheria, tetanus, rubella, and measles An ELISA standardized at the Immunological Technology Laboratory of Bio-Manguinhos (LATIM, Fiocruz-RJ) was used for antibody measurement. Standard diphtheria and tetanus curves were prepared using in-house sera titrated against National Institute for Biological Standard Controls International References. The diphtheria and tetanus antigen for coating ELISA plates were obtained from National Institute for Biological Standard Controls. Anti-diphtheria and anti-tetanus ELISA titers were considered to be protective if they were equal to or higher than the cutoff of 0.1 IU/ml. Serum titers were calculated by four-parameter logistic curve using SoftMax Pro, version 5.2 (Molecular Devices; Martins et al., 2008) .
The ELISAs for rubella and measles antibodies were performed at Fiocruz-RJ, utilizing the kits Anti-Measles Virus ELISA (IgG) and Anti-Rubella Virus ELISA (IgG; Euroimmun) according to manufacturer instructions. Anti-measles and anti-rubella ELISA titers were considered to be positive if they were equal to or higher than the cutoff of 275 and 11 IU/ml, respectively.
Plasmids
The cDNA of IFNAR1 was cloned into pGEMT cloning vector (Promega). Site-directed mutagenesis was performed to obtain the indicated mutant constructs. All IFNAR1 constructs were then subcloned into pCAGGS for overexpression studies. For lentiviral vector production, lentiviral vector transfer plasmids pCH_EF1a_IFNaR1_IRES_Bsd and pCH_EF1a_IFNaR2_IRES_Bsd were generated by cloning the codon-optimized coding sequence for human IFNAR1 isoform 1 (NM_000629 or NP_000620) and human IFNAR2 into the multiple cloning site of the HIV-based lentiviral vector transfer plasmid pCH_EF1a_MCS_IRES_Bsd. Both cDNAs were ordered as a gBlock (IDT Haasrode). Sequences were cloned in-frame with the IRES-Bsd sequence. All constructs were resequenced to ensure no adventitious mutations were generated during the cloning.
Production of IFNAR1 and IFNAR2 lentiviral vectors
HIV-based viral vectors were produced by the Leuven Viral Vector Core as previously described (Ibrahimi et al., 2009) , by triple transient transfection of 293T cells with a VSV glycoprotein G envelope encoding plasmid and a packaging plasmid together with the respective transfer plasmids using polyethylenimine (Polysciences), resulting in LV_IFNAR1, LV_IFNAR2, and LV_control (EV), respectively. After collecting the supernatant, the medium was filtered using a 0.45-µm filter (Corning) and concentrated using a Vivaspin 50,000 mol wt column (Vivascience). The vector containing concentrate was aliquoted and stored at −80°C.
Generation of stably reconstituted cell lines HIV-based vectors were used to transduce primary fibroblasts in a serial dilution series. Cells were cultured and subjected to blasticidin selection (5 µg/ml). IFNAR1 expression was corroborated by qRT-PCR, Western blot, and cell surface staining.
Western blotting
Fibroblasts, with or without pretreatment with IFN-α2b (Schering) or IFN-γ (Imukin, Boehringer Ingelheim) for the specified times, were lysed in NP-40 lysis buffer (280 mM NaCl, 50 mM Tris, pH 8, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol, and 0.5% NP-40) supplemented with 1 mM DTT, PhosSTOP (Roche), and complete protease inhibitor cocktail (Roche). 40 ug protein lysate per lane was resolved by SDS-PAGE and transferred to polyvinylidene fluoride membrane, which was probed with unconjugated primary antibodies and HRP-conjugated secondary antibodies. An anti-GAPDH antibody (Santa Cruz) was used as a loading control. Endogenous IFNAR1 was probed with an antibody recognizing the aminoterminus at a dilution of 1:1,000 (64G12, generously provided by Sandra Pellegrini; Pasteur Institute, Paris, France), while a polyclonal anti-IFNAR1 was used to detect overexpressed protein (AP8550c; Abgent). SuperSignal West Femto Chemiluminescent substrate (Thermo Fisher Scientific) was used to visualize HRP activity, and this signal was detected by an Amersham Imager 600 (GE Life Sciences).
Flow cytometry
For measuring surface expression on patients' cells, B-LCL and SV40-F cells (5 × 10 5 cells per well) were plated in 96-well plates and surface-stained with either purified mouse anti-IFNAR1 AA3 (provided by Sandra Pellegrini) or PE mouse anti-IFNAR2 (PBL Assay Science) antibodies. Cells stained with AA3 were then washed once with PBS and incubated with a biotinylated rat anti-mouse secondary antibody (Thermo Fisher Scientific) for 30 min before being washed once with PBS and incubated for 30 min with PE-conjugated streptavidin (Thermo Fisher Scientific). The cells were then washed twice with PBS and analyzed by flow cytometry. Data were acquired on an LSRII flow cytometer (BD), and the results were analyzed with FlowJo (TreeStar).
For YFV infections, transduced fibroblasts were submitted to IFN-β pretreatment and YFV-17D infection as described below. Cells were detached after incubation for 10 min at room temperature in Accumax (07921; Stemcell). Cells were then fixed in 4% paraformaldehyde for 20 min at room temperature before permeabilization with BD perm buffer (554723; BD Biosciences). BD perm buffer was used for antibody incubations and washes. Cells were incubated with primary antibodies for 1 h on ice, washed, incubated with secondary antibodies for 30 min at room temperature, washed, and resuspended in PBS with 1% FBS before analysis using a BD LSRII flow cytometer. The primary antibody was a mouse anti-YFV (sc-58083, RRID:AB_630447; Santa Cruz Biotechnology) diluted 1:250, while the secondary antibody was a goat anti-mouse Alexa Fluor 647 (A-21203; Invitrogen) diluted 1:1,000.
qRT-PCR SV40-F cells stimulated with 1,000 IU/ml IFN-α2b, IFN-β, or IFN-γ for 2 or 8 h, or primary fibroblasts treated for 6 h, were lysed with RNA lysis buffer and treated with DNase, and RNA was purified according to the manufacturer's protocol (Zymo Research). RT-PCR was performed using random hexamers and the Superscript III reverse strand synthesis kit according to the manufacturer's recommendations (Thermo Fisher Scientific). qRT-PCR was performed with Applied Biosystems Taqman assays using the β-glucuronidase housekeeping gene (GUS) for normalization for SV40-F cells or β-actin for primary fibroblasts. Results are expressed using the ΔΔCt method, as described by the manufacturer.
Virus assays VSV infections SV40-F cells were infected with VSV at a multiplicity of infection (MOI) of 3. The inoculum was absorbed onto the cells for 30 min at 25°C, washed twice with PBS, and cultured in DMEM with 10% FBS at 37°C. Virus samples were collected at the indicated time points. Viral titers were determined by endpoint dilution on Vero cells using the Reed and Muench calculation (Reed and Muench, 1938) . Where indicated, cells were pretreated with IFN-α2b for 16 h before virus infection. Primary fibroblasts were infected with Indiana stock VSV (MOI = 9.3), with or without pretreatment with 10,000 U/ml IFN-α2b for 24 h before infection. The inoculum was left on the cells, and cell survival was monitored with Resazurin assay kit (ab112119; Abcam) at 1, 2, and 3 d after infection.
IAV and HSV-1 infections SV40-fibroblasts were infected with influenza virus (A/California/4/2009) as previously described (Hernandez et al., 2018) . Briefly, a viral inoculum was absorbed onto the cells (MOI = 0.5) for 30 min at 25°C. Cells were then washed twice with HBSS and cultured at 37°C in the presence of 0.1 µg/ml TPCK-trypsin (Sigma-Aldrich). Virus samples were collected at the indicated times after infection, and influenza titers were determined by plaque assay on MDCK cells. For HSV-1-GFP infection, SV40-F cells were plated in a 96-well dish and infected with HSV-1-GFP (MOI = 0.01) in DMEM supplemented with 2% FCS. GFP fluorescence was then assessed at 0, 8, 24, 48, and 72 h after infection. HSV-1-GFP was a gift from Dr. P. Desai (Johns Hopkins University School of Medicine, Baltimore, MD; Desai and Person, 1998) . For HSV-1 (KOS strain; ATCC), SV40-Fs were seeded at a density of 10 5 cells per well in a 24-well plate and infected (MOI = 0.01) in DMEM plus 2% FCS. Supernatants were collected at the given time points after infection, and median tissue culture infectious dose values were calculated following the method of Reed and Muench, after inoculation of Vero cells in 96-well plates (Reed and Muench, 1938) .
YFV infections
Preparation of virus stocks YFV-17D viral stocks were derived from pACNR-2015FLYF-17Da plasmid, a derivative of the previously described pANCR-FLYF-Dx containing the full-length infectious YFV-17D genome under an SP6 promoter (Bredenbeek et al., 2003) . In pANCR-2015FLYF-17Da, the linearization site for preparation of RNA was changed to AfIII, an XhoI site within the YF coding region was restored, and adventitious mutations that had occurred during bacterial propagation of pANCR-FLYF-17Dx in the laboratory were corrected. Asibi viral stocks were derived from an analogous full-length Asibi cDNA infectious clone designated pACNR-2015FLYF-Asibi. In vitro-generated RNA transcripts were electroporated in Huh7.5 cells (Blight et al., 2002) . Virus was harvested 24 h after transfection, and titers of 6 × 10 5 PFU/ ml (17D) and 6 × 10 3 FFU/ml (Asibi) were determined by plaque or focus forming assay on C3 fibroblasts. Single-use aliquots were stored frozen at −80°C until use.
Infection of cells
Before infection, patient-derived fibroblasts were pretreated with or without 1,000 U/ml IFN-β (PBL Assay Science) for 16 h. 17D (or Asibi) was then inoculated to ∼50,000 (or 20,000) fibroblasts in 24-well (or 48-well) plates. For 17D infections, medium was discarded, and cells were inoculated with 250 µl of 17D diluted in Optimem (MOI = 0.05) for 2 h at 37°C. Asibi infections were similar to 17D, except cells were inoculated with 100 µl of Asibi diluted in Optimem (MOI = 0.03). Cells were then washed twice with culture medium and incubated at 37°C with 0.5 ml of fresh culture medium. At the indicated time points after infection, media containing the virus produced by the fibroblasts were harvested and titered on Huh7.5 cells by plaque-forming assay.
Plaque assay
Harvested medium was serially diluted 1:10 in Optimem. Approximately 0.5 million Huh7.5 cells were inoculated with 400 µl of diluted virus in 6-well plates, for 2 h at 37°C. After removal of the inoculum, a 3-ml overlay of 1.2% Avicel in DMEM supplemented with 1× penicillin/streptomycim and 2% FCS was added, and cells were incubated for 3 d (17D) or 4 d (Asibi) at 37°C. After formaldehyde fixation, the cells were stained with crystal violet, and the plaques were enumerated.
IFN-β measurement
The concentration of IFN-β in the supernatant of infected cells was measured by ELISA using the VeriKine-HS Human IFN-β Serum ELISA Kit (PBL Assay Science), according to the manufacturer's instructions, using 50 µl of medium.
ZIKV infections
Infection of cells Before the infection, the ZIKV stock titer of 10 6 FFU/ml was determined by focus forming assay on C1 fibroblasts. IFN-β pretreatment, virus infection (ZIKV MOI = 0.05), and quantification of virus production were conducted on patient-derived fibroblasts as described above for Asibi, except Vero cells were inoculated with 300 µl of virus for the plaque-forming assays.
MeV infections
Approximately 50,000 patient-derived SV40-F cells were seeded in 48-well plates and pretreated or not with 1,000 U/ml IFN-α2b (PBL Assay Science) for 16 h. Cells were incubated for 1 h at 37°C with measles virus diluted in DMEM with 10% FCS (MOI = 0.1). After virus inoculation, cells were washed twice with PBS and incubated at 37°C with 0.2 ml of fresh culture medium. At the indicated time points after infection, medium containing the virus produced by the fibroblasts was harvested, and median tissue culture infectious dose values were calculated following the method of Reed and Muench after inoculation of Vero cells in 96-well plates (Reed and Muench, 1938) .
Online supplemental material Fig. S1 shows sequence alignments from the YFV isolated from P2's serum and WT YFV or the YFV-17D strains used in their vaccine. Fig. S2 provides additional information on the genetic analysis of P1 and P2, including Sanger sequencing, additional information on mRNA sequencing, and qRT-PCR analysis of IFNAR1 mRNA levels in patient SV40-Fs. Fig. S3 presents additional evidence of abrogated IFN signaling in patient cells, including IFNAR1 expression in B-LCLs, IFNAR2 expression in patient cells, IFN-β production following infection, IFNAR1 expression in transduced SV40-Fs, and VSV replication in the transduced SV40s. Fig. S4 shows the replication of a number of viruses in patient SV40-Fs, including HSV-1, IAV, YFV-Asibi, and Zika virus. Table S1 lists the rare homozygous or possible compound heterozygous variants revealed by WES analysis of P1 and P2.
